Introduction
, and Golgi transport proteins cogc-2 and cogc-3 were identified in our screen and confirmed to have DTC migration defects (Thomas et al., 1990; Greenstein et al., 1994; Baum and Garriga, 1997; Steven et al., 1998; Blelloch and Kimble, 1999; Nishiwaki, 1999; Reddien and Horvitz, 2000; Lee et al., 2001; Cram et al., 2003; Karp and Greenwald, 2004; Walker et al., 2004; Itoh et al., 2005; Lee et al., 2005; Kubota et al., 2006) . Most of these studies analyzed loss-of-function alleles with phenotypes very similar to our RNAi phenotypes. Some published DTC migration genes were not isolated in this screen, probably because of the stringent nature of the primary screen or ineffective depletion of some genes by RNAi. During secondary screening, three categories of DTC migration phenotypes were documented ( Fig. 1D-G) . The Type 1 category includes the most dramatic defects, which arise during the ventral phase of migration. DTCs fail to turn toward the dorsal side of the animal (Fig. 1D ). In the second category (Type 2), the DTCs executed at least one supernumerary turn (Fig. 1E) . The remainder of the defective animals fell into the Type 3 category and had phenotypes related to migration on the dorsal basement membrane. These dorsal phenotypes were the most common DTC migration defects observed. The major abnormalities included DTCs that failed to complete the dorsal phase of migration (Fig. 1F) or showed incorrect tracking along the dorsal surface (Fig. 1G) . For the percentage of each type of defect for each RNAi experiment, see Table S3 in supplementary material.
The most severe defect in cell migration is Type 1, an early defect in which the DTC stops migrating while still on the ventral surface of the animal. Only 13 of the 99 genes had this depletion defect, including six genes encoding isoforms of cytoskeletal proteins actin or tubulin. GON-1/ADAMTS is known to be required for initiation of gonadogenesis (Blelloch and Kimble, 1999 ) and depletion of HLH-2, a basic helix-loophelix transcription factor, causes failure of gonad arm extension (Karp and Greenwald, 2004) . We observed severe ventral DTC migration defects with RNAi depletion of either GON-1 or HLH-2 (Fig. 2) . Interestingly, depletion of the extracellular matrix (ECM) protein PPN-1/papilin caused a similar, very striking Type 1 defect ( Fig. 2 ; Table S3 in supplementary material). Phenotypic similarities suggested that ppn-1 and gon-1 might be regulated by hlh-2. In support of this idea, we found sites matching the bHLH consensus binding sequence CANNTG (Kyriacou and Rosato, 2000) within 500 bp upstream of the ppn-1 and gon-1 coding regions. Both gon-1 and hlh-2 are expressed in the DTCs (Blelloch and Kimble, 1999; Karp and Greenwald, 2004) . Examination of transgenic animals carrying a transcriptional fusion of ppn-1::GFP showed obvious expression in the DTC (Fig. 3A) . The sequence name and genetic locus are unique identifiers for each C. elegans gene (see www.wormbase.org). A brief description based mainly on homology data derived from Wormbase is given. The functional classifications are based on previous gene assignments (Fig. 4) . P0 defect indicates the proportion of gonad arms showing DTC migration defects by Nomarski microscopy 48 hours after hatching. For the F1 defects, young adult progeny of the P0 animals were analyzed 48 hours post hatching. n is the total number of gonad arms scored (typically two gonad arms per animal). 'Unknown' includes genes for which no functional data have been published, although some of these genes have similarity to known proteins. *Owing to sequence identity, RNAi clone may target more than one transcript (predicted by Wormbase). † RNAi-targeting vector was constructed for this study using primers listed in Table S4 in supplementary  material. HLH-2 is required for that expression because GFP fluorescence was almost completely ablated in the DTC with hlh-2 RNAi compared with control-treated animals (Fig.  3A,B) . Expression of gon-1 was also reduced with hlh-2 RNAi (data not shown). These results identify two new gene targets, both encoding ECM proteins, for HLH-2.
Drosophila papilin binds to procollagen N-proteinase, which like GON-1 is an ADAMTS protein, and Kramerova et al. have proposed that papilin and GON-1 might interact in the C. elegans basement membrane (Kramerova et al., 2000) . Expression of ppn-1::GFP was first observed in developing embryos, localized to the primordial gonad (Fig. 3C) . Thus, ppn-1 expression precedes gon-1, which is present between L2 and L4 stages (Blelloch and Kimble, 1999) . Our results indicate that the gonad arms were somewhat more elongated with depletion of PPN-1 compared with GON-1 (see Fig. 2  arrows) . On average, end-to-end lengths of gonad structures from ppn-1 RNAi were twice the length of gon-1 RNAi (arbitrary units ± s.d., 36.0±3.9 (n=32) vs 16.9±2.8 (n=19), respectively). This difference in phenotype allowed us to test the effects of combined loss of these two proteins. Double RNAi against gon-1 and ppn-1 gave the more dramatic gon-1 phenotype (17.1±4.0, n=22). These data are consistent with a model in which PPN-1 and GON-1 are expressed as part of a developmental program that promotes migration of DTCs and is controlled by HLH-2. ECM deposition of PPN-1 by the DTCs could provide localized binding sites for GON-1, which is subsequently expressed at the time when DTC migration is initiated. In the absence of gon-1 expression and proteolysis, DTC migration does not begin (Blelloch and Kimble, 1999) . In the absence of PPN-1, secreted GON-1 might be inefficiently localized to the basement membrane and, therefore, would have limited contact with its targets for proteolysis. DTC migration would then cease shortly after the initiation step. We are currently testing this model.
Type 2 defects occur later than Type 1 defects and show extra turns resulting from problems in DTC navigation. These could be due to cell autonomous abnormalities in cell polarization or in responses to extracellular cues or to nonautonomous effects induced by incorrect deposition of the basement membrane. Type 2 was the smallest class of defects with only vab-3 RNAi causing deficiencies in a majority of animals. Six other RNAi experiments had >30% Type 2 defects (Table S3, regulators of DTC navigation ced-5/DOCK180 and ced-10/Rac (Reddien and Horvitz, 2000) . Importantly, we also isolated genes not previously implicated in DTC pathfinding, including the cell architecture gene vab-10/spectraplakin, the transcription factors icd-1/bicaudal and tra-1, and the uncharacterized protein W07E6.1 (Table S3 , supplementary material).
Although many types of genes participate in DTC migration, the cell architecture genes constituted the most abundant class (Fig. 4, Table 1 ), suggesting that the mechanism of migration of the DTC shares many of the general features of other migratory cells. Comparison of functional classes for the DTC migration genes (Fig. 4B ) to those reported for all genes with RNAi phenotypes (Fig. 4A) shows a significantly higher proportion of cell architecture genes and a reduced proportion of the protein synthesis and metabolism gene classes in the DTC migration gene group. It is possible that some of the genes isolated by our RNAi screen might indirectly affect DTC migration; for example, depletion of an RNA splicing factor may have broad effects on gene expression. However, those genes expressed in the DTC itself or in the muscle cells that assemble the basement membrane on which the cells migrate are likely to be more directly involved in DTC migration. These genes are indicated in Table  S3 in supplementary material. Importantly, the change in distribution of genes in these categories indicates that our set of genes is not a random sample drawn from all genes with RNAi phenotypes, but is a specific and unique set required for DTC migration.
We speculated that many of the 99 genes on our list might be working in concert to regulate DTC migration. Recently, a dataset predicting statistically significant, functional interactions between C. elegans genes has become available (Zhong and Sternberg, 2006) . In this dataset, physical interaction, genetic interaction, subcellular localization and coexpression data all contribute to the significance of interaction between two genes. To illuminate the inter-relationships between DTC migration genes, we used a subset of these data (genes with probability of interaction P>0.9) (Zhong and Sternberg, 2006) and the network software Cytoscape (Shannon et al., 2003) to assemble a network of interacting genes ( Fig. 5 and Fig. S1 in supplementary material) . Red nodes represent 59 of the 99 DTC migration genes and green nodes are the minimal subset of interacting proteins necessary to depict pair-wise connections between each of the DTC migration genes. For identities of all nodes, see Fig. S1 in supplementary material. Assembly of these genes into a network revealed a cohesive set of genes that may work together to control cell migration.
Red and green nodes in the same vicinity of the network diagram (Fig. 5) are often functionally related or involved in the same process. For example, the cell adhesion integrin receptor heterodimer INA-1/␣ and PAT-3/␤ forms an interaction cluster in this network with other proteins from our screen such as Y71G12B.11/talin, UNC-112/Mig-2, CED-10/Rac, ERM-1 and MIG-15/NIK (Fig. 5, box 1) . Some of the green nodes in this cluster have also been implicated in cell adhesion or migration including laminin (epi-1) and perlecan (unc-52) ECM proteins, other Rho-family GTPases (rho-1, rac-2), and non-muscle myosin (nmy-1) (Fig. 1, supplementary  material) . The DTC signaling molecules glp-1 and lin-12 are also within this cluster. Many of these proteins are associated with the C. elegans muscle dense body complex and their orthologs are found in the vertebrate focal adhesion complex (Cox and Hardin, 2004) . Integrins play an important role in the migration of many types of cells during development, wound healing and cancer metastasis (Guo and Giancotti, 2004) , therefore, this cluster is likely to be relevant to cell migration in other systems. Tubulins and tubulin-interacting proteins form the other main cluster in the network (Fig. 5, box 2) . The tubulin cluster is connected to the integrin cluster through multiple interacting proteins. Many links pass thorough the Rho-family GEF UNC-73 (Fig. 5, number 12 ) and the GTPase CDC-42 (Fig. 5, number 17) . These interactions suggest that DTC migration provides an excellent model system for genetic and molecular analysis of integrin signaling during cell migration in vivo.
Comparing our data to screens conducted in other species should help to identify a conserved set of proteins required for cell migration. Two recent studies have identified multiple gene targets of Slbo, a CEBP family transcription factor necessary for migration of Drosophila border cells (Borghese et al., 2006; Wang et al., 2006) . These results show overlap with our data in genes that regulate actin and microtubule cytoskeletal dynamics such as vab-10/shortstop, talin, and ␤ integrin pat-3/myospheroid. Two other screens identified genes that affect morphology (Kiger et al., 2003) and lamellipodia extension (Rogers et al., 2003) of cultured Drosophila cells. There was some overlap between our data set and the genes identified in these Drosophila screens including pat-3/myospheroid, talin, cdc-42, rho-1, mig-15/misshapen, src-1, ced-5/myoblast city, zen-4/pavarotti and dyn-1/shibire. Connections between DTC migration and mammalian cell migration are suggested by recent microarray analyses of metastasizing cells which provide an 'invasion signature' of Journal of Cell Science 119 (23) genes differentially regulated in these cells compared with cells in the primary tumor (Condeelis et al., 2005) . Overlaps in the profile of genes necessary for tumor cell invasion and DTC migration include an ubiquitin-activating enzyme (UBA-2), a matrix metalloproteinase (GON-1), an ERM family member (ERM-1), members of the Ras-GTPase superfamily (CED-10, CDC-42 and RAB-8), kinesin (ZEN-4), integrin (PAT-3) and various ␣-tubulin genes (TBA-1, -2, -4). It seems likely that mammalian homologs of other DTC migration regulatory genes also play roles in migration and invasion by metastatic cells. It is noteworthy that certain genes have consistently emerged as essential migration components when DTC migration, Drosophila cell spreading and migration, and metastasis genes are compared. Further comparison with genome-wide cell migration screens along with detailed analyses of the network of proteins discovered in this study should help us better understand the multi-factorial processes that control cell migration.
Materials and Methods

Nematode strains
Strains were maintained as described (Hope, 1999) at 20°C. E. coli OP50 was used for maintenance of stocks, and the strain E. coli HT115(DE3) for RNAi. The wildtype nematode strain N2 Bristol was used for the primary screening of Chromosome I. All other RNAi experiments were conducted using the sensitized strain rrf-3(pk1426). N2 and rrf-3 strains were provided by the Caenorhabditis Genetics Center. BC15734[dpy-5(e907) I; sIs14164(ppn-1::GFP)] was constructed by the British Columbia C. elegans Gene Expression Consortium (McKay et al., 2003) and was obtained from the Caenorhabditis Genetics Center (CGC#6525).
RNAi
The RNAi-feeding protocol was conducted essentially as described (Cram et al., 2003; Kamath and Ahringer, 2003) . In the primary screen, each clone was evaluated in 24-well plates containing NGM agar, 6 mM IPTG and 25 g/ml carbenicillin. For the secondary screen, each culture was seeded on a 6-cm plate with the same components listed above. For both screens, eggs were released from gravid hermaphrodites using alkaline hypochlorite solution as described (Hope, 1999) , transferred to plates seeded with HT115(DE3) bacteria expressing double-stranded RNA (dsRNA) and incubated at 23°C. These P0 animals were scored for clear patches by visual inspection using a dissecting microscope after 48 hours, and progeny (F1) were scored after 96 and 120 hours. For each batch of RNAi clones tested, pD129.36 (vector only) and vab-10 or talin RNAi control wells were included. A phenotype was assigned to a well if any of the animals displayed clear patches. Animals that were small, arrested at larval stages, or had extruded intestines or gonads were not scored. The secondary screen was conducted by Nomarski microscopy using the method described (Cram et al., 2003) . RNAi experiments resulting in у30% of malformed gonad arms were scored as positive for DTC migration defects. Double RNAi was performed by placing eggs on plates seeded with equal mixtures of two bacterial strains expressing different double-stranded RNAs: gon-1/ppn-1, gon-1/control bacteria and ppn-1/control bacteria. Gonad defects of young adult nematodes were checked by Nomarski microscopy.
Plasmid construction
To construct RNAi clones not available in the RNAi library (Kamath and Ahringer, 2003) , primers were designed to the predicted cDNA sequence and used for RT-PCR amplification with N2 total RNA as the template. Values in the primer names indicate the position on the cDNA relative to the ATG. Most primers included NheI and HindIII sites at the 5Ј and 3Ј ends, respectively, and these sites were used to clone the PCR product into pPD129.36 vector. Primer sequences are presented in Table S4 in supplementary material.
PCR validation of clones
To validate RNAi clones taken from the library (Kamath and Ahringer, 2003) , T7 primers were used in PCR reactions to amplify the insert. The predicted size of the insert was compared with the PCR amplified insert. In cases of discrepancy, the identity of the RNAi target was confirmed by sequencing. All sequences were found to be correct except for well I-1E13, which we found to target F01G12.5/let-2 and well IV-8B19, which targets F56A3.3/npp-6.
Analysis of ppn-1::GFP expression
Nematodes were photographed with a Nikon TE-2000U microscope as described previously (Cram et al., 2003) . RNAi for hlh-2 was performed as described above using ppn-1::GFP (BC15734) nematodes. After hatching, nematodes were grown on hlh-2 RNAi or control bacteria for 48 hours at 23°C. The distal ends of gonads from RNAi-treated nematodes were photographed using a 40ϫ objective and a 0.1-second exposure. Corresponding Nomarski images were used to center an oval around the end of each gonad arm. GFP brightness per pixel within each oval was quantified using Scanalytics IPLab software.
Network construction
The interaction network (Fig. 5) depicts functional interactions between C. elegans genes using a subset of the interaction data reported by Zhong and Sternberg (Zhong and Sternberg, 2006) . The interaction data were mined for each of the 99 genes from our DTC migration screen (Table 1 ) and a list of all interacting genes/nodes with a probability of interaction P>0.9 was assembled. This list included 1670 interactions. Non-DTC genes with only one interaction were removed from the list. In some cases, there were multiple parallel sets of genes linking the same pair of DTC genes and all but one link was removed from the list. The resulting list of interacting pairs included 554 interactions. The network software Cytoscape (Shannon et al., 2003) was used to assemble a network of interacting genes from this list of interacting pairs.
